In vivo, endothelial cells (EC) are subjected to hemodynamic forces which may influence the production of nitric oxide. This study was designed to examine the effect of cyclic strain on the expression of endothelial nitric oxide synthase (eNOS) in cultured bovine aortic EC. EC were grown on flexible membranes which were subjected to deformation at 60 cycles/min with -5 or -20 kPa of vacuum. This results in an average strain of 6 and 10%, respectively, which is transmitted to the attached cells. Northern blot analysis of total cytosolic RNA demonstrated an increase in eNOS gene expression with both strain regimens but the increase with 10% average strain was greater than that at 6%. Nuclear runoff transcription assays confirmed the induction of eNOS transcripts. Western blot analysis showed an increase in eNOS level after 24 h of cyclic 10% average strain compared with controls or 6% average strain. Immunohistochemical staining of EC for eNOS was increased in the high strain periphery (7-24% strain) of membranes deformed with -20 kPa vacuum. These results demonstrate that cyclic strain upregulates the expression of eNOS transcripts and protein levels in bovine aortic EC thus emphasizing the importance of hemodynamic forces in the regulation of eNOS in vivo.
Introduction
Endothelium-derived nitric oxide (NO)' is an endogenous vasorelaxant with antiplatelet (1) and antileukocyte properties (2) . In endothelial cells (EC), NO is synthesized by a membrane-associated, calcium/calmodulin-dependent enzyme, nitric oxide synthase (eNOS), that metabolizes one of the equivalent guanidino nitrogens of L-arginine to NO and the by-product, Lcitrulline (3) (4) (5) . Tetrahydrobiopterin, flavin mononucleotide, and flavin adenine dinucleotide are cofactors, while reduced nicotinamide adenine dinucleotide phosphate (NADPH) (6) and molecular oxygen (7) are necessary cosubstrates for optimal NOS activity. Bovine and human eNOS cDNAs have been cloned (8, 9) and recently the structure of the human gene was described and mapped to chromosome 7 (10) . However, very little is known about the regulation of this important enzyme.
In vivo, local autocoids (such as bradykinin, ATP, or histamine) and the forces of the circulation acting on the endothehlum appear to regulate the production of NO. Hormonal stimulation or acute changes in flow can cause the immediate release of NO presumably through mobilization of calcium, which is necessary for eNOS activation (11, 12) . Chronic increases in blood flow result in a more prolonged release of NO, suggesting induction of eNOS gene or the cofactors necessary for the production of NO by EC. Chronic increases in blood flow (via arterio-venous fistulas) enhance endothelium-dependent relaxations in vessels exposed to the higher flow rates (13) . In addition, chronic exercise in dogs enhances endothelium-dependent epicardial dilation in vivo and increases the release of nitrogen oxides from large coronary arteries in vitro. The enhanced NO production was associated with an increase in eNOS gene expression in aortic EC extracts (14) , suggesting that exercise-induced elevations of cardiac output and aortic flow rates can upregulate the eNOS gene.
The contribution and importance of specific hemodynamic forces, such as shear stress, cyclic strain, or cyclic distention of the arterial wall and blood pressure, to the regulation of eNOS have not been fully defined. Recently it was shown that shear stress upregulates steady state eNOS mRNA levels in cultured bovine aortic EC (15) . Because EC, in vivo, are exposed to cyclic distention, the aim of our study was to determine the effect of cyclic strain on eNOS gene expression and protein in cultured bovine aortic EC. Previous studies in our laboratory examining the effects of cyclic 10% average strain on bovine aortic EC have demonstrated activation of intracellular second messengers, including translocation of protein kinase C, phosphatidyl-inositol turnover, activation of the protein kinase A/ adenylate cyclase pathway, and increases in intracellular calcium (16) (17) (18) (19) . In addition, exposure of EC to this cyclic strain regimen enhances proliferation and modifies the production of vasoactive substances such as prostacyclin, endothelin, and tissue plasminogen activator (20-24). Therefore, we used the above strain protocol to examine the effects on eNOS expression.
Methods
Cell culture. Bovine aortic EC were obtained by gently scraping the intimal surface of bovine thoracic aorta and maintained in DME F-12 mycin 100 Mg/ml), and amphotericin B (250 ng/ml). Bovine aortic EC were identified by their typical morphologic and chemical characteristics including growth of closely opposed polygonal confluent monolayers, maintenance of density-dependent inhibition after serial passage, positive indirect immunofluorescence staining for Factor VIII antigen, and the uptake of di-I-acetylated LDL.
Experimental protocol. The strain unit (Flexercell; Flexcell International Corp., McKeesport, PA) consists of a vacuum manifold with recessed ports and has been described in detail previously (25) . Bovine aortic EC were cultured on plates with bottoms made of flexible silastic covered with a hydrophilic surface (Flex I; Flexcell International Corp.). The plates are centered over ports on the vacuum manifold. A vacuum line is connected to regulator solenoid valves which are in turn controlled by a computer with a timer program. Thus, the design of the strain unit allows for changes in amplitude, frequency, and duration of the applied strain for each given experiment.
For these experiments, bovine aortic EC were seeded onto Flex I stretch plates and grown to confluence. The membranes were subjected to deformation with -5 and -20 kPa of vacuum at a frequency of 60 cycles/min (0.5 s of deformation alternating with 0.5 s of relaxation) for up to 24 h. -20 kPa of vacuum produces a deformation pattern ranging from 0% at the center of the membrane to 24% at the periphery (average strain = 10%), -5 kPa results in a deformation ranging from 0% in the center to a maximum of 10% in the periphery (average strain = 6%) (26) . For the sake of simplicity, the two experimental groups are referred to as the 10 and 6% average strain groups, respectively.
The highest strain is found in a region 9.5 mm from the center of a 25-mm diameter well. Thus, in some experiments, we took advantage of the heterogenous strain gradient by using a fence to selectively seed cells either in the central low strain region of the membrane or in the peripheral high strain region (20, 24). The fence was removed after 24 h and the selectively seeded plates were then subjected to deformation by -20 kPa vacuum at 60 cycles/min; cells seeded in the periphery experienced 7-24% strain, whereas the cells seeded at the center experienced < 7% strain with the majority of cells exposed to minimal strain.
Northern blot analysisfor eNOS. Total cytosolic RNA from stationary (control) EC and from EC that had been stretched for up to 24 h was isolated by the guanidinium isothiocyanate method with phenol extraction as previously described (27) . RNA ( 10-15 ,ug) was electrophoresed through a 1% agarose/1.1% formaldehyde gel, transferred to a nylon membrane (Zeta Bind; American Bioanalytical, Natick, MA), and immobilized by ultraviolet irradiation. Hybridization was then performed with a random primed, [a-32P]dCTP-labeled, full-length cDNA probe coding for bovine eNOS (detects 4.4-kb mRNA) or human glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (detects 1.2-kb mRNA) as previously described (8) . Autoradiography was carried out for 1-3 d utilizing Kodak X-Omat AR-5 and Kodak XRP1 film and intensifying screens. Optical densities of hybridization signals on x-ray films were measured by densitometry (Visage 2000 Gel Analyzer; Bio Image Products, Ann Arbor, MI) for quantitation of steady state mRNA levels.
Nuclear runoff transcription assays. Nuclear transcription assays were performed with slight modifications of the procedure described by Greenberg and Ziff (28) . To isolate nuclei, stationary EC and EC that have been exposed to 10% average strain for 4 h were lysed in buffer containing 10 mM Tris-HCl, pH 7.4, 10 mM NaCl, 3 mM MgCl2, and 0.5% Nonidet P-40 and the nuclei were recovered by centrifugation at 500 g for 5 min at 4°C. The nuclei were then resuspended at 26°C for 30 min in runoff buffer (35% glycerol, 10 mM Tris-HCl, pH 8.0, 5 mM MgCl2, 80 mM KCl, 0.1 mM EDTA, 0.5 mM DTT, 0.8 U RNasin, 4 mM dATP, 4 mM dGTP, and 4 mM dCTP) and 200 pCi [a-32p] UTP (3,000 Ci/mmol; Amersham Corp., Arlington Heights, IL). The nuclei were next digested with 10 Mg DNase 1 (RNase free) at 26°C for 5 min followed by incubation with 10-20 mg of proteinase K in buffer containing 5% SDS, 50 mM EDTA, and 100 mM Tris-HCl, pH 8.0, for 30 min at 37°C. Nascent elongated transcripts of radiolabeled RNA molecules were extracted by the guanidinium isothiocyanate method (27) , precipitated with isopropanol, and dissolved in buffer containing 50 mM Tris-HCl, pH 8.0, 150 mM NaCl, and 1 mM EDTA.
The level of incorporation of radioisotope was quantified in a beta counter and a volume containing equal counts (for controls and for cells exposed to cyclic strain) was then hybridized over 24 h at 650C with membranes onto which linearized and alkaline-denatured eNOS and GAPDH probes had been immobilized by a slot blot apparatus and ultraviolet radiation.
The membranes are then washed twice with 2x SSC at room temperature for 15 min followed by lx SSC at 650C for 15 min. Autoradiography was carried out for 1-3 d using Kodak X-Omat AR-5 and Kodak XRP1 film and intensifying screens.
Western blotting for eNOS. Bovine aortic EC on Flex I plates exposed to 6 and 10% average strain at 60 cycles/min for 24 h were harvested by scraping and then centrifuged ( 1,000 g) for 5 min at 40C.
The pellet was resuspended and homogenized with a glass-glass Dounce homogenizer in 0.5 ml of homogenization buffer (50 mM Tris-HCl, pH 7.4, 0.1 mM EGTA, 0.1 mM EDTA, 1 mM DTT, 0.01 mg/ml leupeptin, 1.0 ng/ml chymostatin, and 1 mM PMSF, pH 7.5). The samples were centrifuged for 45 min at 10,000 g and the pellets were resuspended in Laemmeli buffer at a ratio of 1:1 and boiled for 4 min. Protein concentration was determined by the Bradford assay (Bio Rad Laboratories, Hercules, CA) and equal amounts of protein were loaded into a 7.5% SDS-polyacrylamide minigel and electrophoresed at a constant current of 20 mA per gel for 1-2 h. One gel was stained with Coomassie blue to confirm equal protein loading while the other gel was transblotted.
The blots were incubated overnight in Tris-buffered saline (TBS) containing 5% milk to block nonspecific binding of the antibody. The blots were then washed in TBS and incubated for 2 h with an affinity-purified monoclonal bovine eNOS antibody H32, IgG2. isotype (1:1,000) (6) at room temperature. Blots were washed (TBS X 2) and then incubated for 1 h with a sheep anti-mouse secondary antibody conjugated to horseradish peroxidase. eNOS immunoreactivity was detected by the enhanced chemiluminescence (Amersham Corp.) method followed by autoradiography using Kodak X-Omat AR-5.
Immunohistochemical staining for eNOS. Bovine aortic EC exposed to 6 and 10% average strain for 24 h at 60 cycles/min were stained with the bovine eNOS antibody as previously described (6) . In brief, cells were first fixed in 1% paraformaldehyde/0.1 M borate buffer, blocked with normal horse serum 1:200, and then the bovine eNOS antibody (isotype IgG2., 1:2,000) was added for 1 h. Binding of antibody was detected by the avidin-biotin, horseradish peroxidase method with 0.05% 3-3' diaminobenzidine tetrachloride in 0.05 M Tris-HCl, pH 7.4, as the substrate. Specificity of the staining was assessed by incubating the cells to nonspecific mouse IgG2. or to the biotinylated secondary antibody only.
Statistical analysis. Data are presented as means±SD. Student's paired or unpaired t tests were used to determine the significance of differences between means and P < 0.05 was considered significant.
Results Fig. 1 A shows a typical Northern blot of RNAs extracted from EC exposed to 10% average strain at 60 cycles/min. Cyclic strain (15 min to 24 h) increased eNOS steady state mRNA levels compared with stationary controls. Densitometric analysis of eNOS gene expression compared with GAPDH expression showed a 3.1+0.2-fold increase in bovine aortic EC exposed to strain compared with control (stationary) cells (n = 4). To determine whether this increase in eNOS gene expression was dependent on the amplitude of strain, EC were exposed to 6% average strain at 60 cycles/min for various times. Fig. 1 B demonstrates that this level of strain also increased the expression of the eNOS gene but to a lesser extent than that seen with EC subjected to 10% average strain. The increase in gene expression was not evident until the cells were exposed to strain Figure 1 . Northern blot demonstrating an increase in eNOS mRNA in EC exposed to either 10 (A) or 6% (B) average strain at 60 cycles/ min. GAPDH is the constitutive control for loading. See text for details.
(C) Nuclear runoff study demonstrating that eNOS transcript levels increased significantly in response to cyclic strain, whereas GAPDH transcript levels were unaffected. Each experiment was performed at least three separate times.
for at least 4 h (a 1.9±0.4-fold increase assessed by densitometry, n = 3).
In an effort to get more insight into the mechanism underlying eNOS induction by cyclic strain, we performed runoff transcription assays. As shown in Fig. 1 C, there was significant induction of new eNOS transcripts in nuclei isolated from EC exposed to 4 h of 10% average strain compared with nuclei from control stationary cells. The increase (2.6±0.4, n = 3) in eNOS transcription was specific because only minimal induction ( 1.1±0.2, n = 3) of GAPDH transcripts was observed with cyclic strain.
To directly compare the effects of low versus high strain on eNOS gene expression, the same bovine aortic EC cells were exposed to either 6 or 10% average strain at 60 cycles/min for 24 h followed by Northern blot analysis. Fig. 2 A shows that both strain regimens increased eNOS gene expression but the increase with 6% average strain was lower than that seen in EC exposed to 10% average strain. Densitometric analysis of eNOS gene expression (normalized to GAPDH) demonstrated a 1.95±0.45-fold (n = 3) and 2.2±0.35-fold (n = 3) increase in eNOS expression compared with static controls, respectively. Fig. 2 B shows that when EC were selectively seeded in the high strain periphery ( > 7% ) versus the low strain central region and subjected to a -20 kPa vacuum for 24 h, a greater increase in eNOS transcripts was observed in cells seeded in the periphery 87-U 6% 10% Average STRAIN Figure 2 . (A) Northern blot of EC exposed to either 6 or 10% average strain at 60 cycles/min for 24 h. There was an increase in eNOS mRNA in both groups, although the increase in EC exposed to 6% strain was lower. (B) Northern blot of EC selectively grown on the periphery or center of membranes that were deformed with -20 kPa vacuum at 60 cycles/min for 24 h. There was an increase in eNOS mRNA in both groups compared with control, stationary cells. However, there was a greater increase in cells grown on the periphery (7-24% strain) compared with the center (0-7% strain). (C) Western blot analysis of EC exposed to either 6 or 10% average strain at 60 cycles/min for 24 h. There was again an increase in eNOS protein in both groups. However, EC subjected to greater strain had a higher level of eNOS protein. Each experiment was performed at least three separate times.
(eNOS/GAPDH = 3.55) when compared with the low strain central region (eNOS/GAPDH = 2.93).
To ascertain the significance of increased eNOS gene expression, eNOS protein levels were examined by Western blot analysis in bovine aortic EC that were subjected to 6 or 10% average strain for 24 h. With both strain regimens there was an increase in eNOS protein after 24 h compared with stationary controls. Moreover, EC subjected to greater strain had a higher level (2.3-fold) of eNOS protein (Fig. 2 C) .
In this model of cyclic strain, the strain pattern across the stretch membrane is inhomogeneous. Typically, cells seeded in the periphery of the membrane experience maximum strain (24% at 20 kPa of vacuum deformation) while cells at the very center of the membrane experience miniimum strain (0%). To examine if differential patterns of eNOS protein expression occuffed in areas of high versus low strain, eNOS was localized by immunohistochemical staining. Fig. 3 a shows that bovine aortic EC at the periphery of the membrane (7-24% strain) showed more intense staining compared with bovine aortic EC at the center of the membrane (0-7% strain). High power photomicrograph reveals an intense perinuclear distribution of the punctate eNOS staining and a lesser stain which appears to be arranged around intracellular vacuoles. Specificity of the staining was confirmed by the lack of staining with exposure of the bovine aortic EC to nonspecific mouse IgGa and to the biotinylated secondary antibody (horse anti-mouse) ( Fig. 3  b, right) . Unstretched bovine aortic EC showed very minimal staining ( Fig. 3 b, left ).
Discussion
Studies of cultured EC exposed to mechanical forces (either cyclic strain or shear stress) have shown that EC function can be influenced by such forces. In vivo measurements in patients and animals and in vitro models replicating the major geometric features of blood vessels indicate that there is 5-6% wall excur-sion at peak systole under normal physiologic conditions, which can increase to 10% during hypertensive states (29) (30) (31) . Previously, we have demonstrated that cyclic strain alters various parameters of EC function such as the production of vasoactive substances (21-23). In addition, cyclic strain also increases EC proliferation and changes EC morphology (orientation of the long axis of the cell perpendicular to the axis of the strain) (24, 32) . Likewise, several authors have demonstrated that shear stress will also alter production of vasoactive substances (15, 33, 34) . Thus both cyclic strain and shear stress appear to regulate EC function.
Our present studies demonstrate that cyclic strain (at two different strain regimens) increases eNOS gene expression in bovine aortic EC. Direct comparison of the two strain regimens showed that there was a differential expression of eNOS gene with 10% average strain, inducing a more rapid and robust increase in eNOS gene transcription compared with 6% average strain. Although Nishida and colleagues (15) have demonstrated an increase in steady state eNOS mRNA in EC exposed to 10 dyn/cm2 shear stress, this paper is the first report of upregulation of eNOS transcription by a mechanical force (Fig.  1 C) . In addition, the enhanced mRNA levels are associated with increased protein levels assessed by Western blotting. There was a differential increase in eNOS protein levels similar to that seen in the Northern blot experiments with the protein levels greater in EC exposed to 10% average strain compared with 6% average strain. The differential effect of strain was also supported by increased eNOS mRNA levels and greater eNOS-specific staining in the high strain membrane periphery (7-24% strain) in comparison to the low strain center. These results comprise the first demonstration that cyclic strain regulates the expression of eNOS. The functional effect of this increased eNOS expression is confirmed by our recent report which demonstrated a strain-dependent increase (61%) in eNOS activity by the L-citrulline assay and a 4.75-fold increase in nitrite accumulation (Greiss assay) in bovine aortic EC exposed to 24 h of cyclic strain (35) . These data corroborate the previous report that shear stress increases eNOS gene and protein, and both studies are consistent with recent in vivo studies showing that hemodynamic forces can alter endothelium-dependent relaxations and eNOS. Taken together, our studies and the findings of others suggest that eNOS and ultimately NO production can be regulated by changes in pulsatile flow. The differential expression of eNOS in EC exposed to strain is similar to previous studies which have demonstrated EC proliferation (24) , tissue plasminogen activator expression (20), and adenylate cyclase/protein kinase A activation (36) in response to different strain levels. In addition to the effect of 10% average strain on the level of eNOS gene and protein, this strain regimen also appeared to induce a more rapid increase in eNOS gene expression. Increased expression of eNOS gene started after 15 min of exposure to 10% average strain compared with 2 h with 6% average strain. The rapid increase in eNOS mRNA level in EC exposed to 10% average strain suggests that other mechanisms (apart from transcriptional activation) may be involved. Measurements of eNOS transcription rate and mRNA half-life to assess strain-induced posttranscriptional modifications will be needed to specifically address these issues.
Likewise, the mechanism for the regulation of eNOS by cyclic strain is still unknown. eNOS expression may be potentially regulated at several points in the protein synthesis pathway. eNOS mRNA levels may be changed by alterations in mRNA transcription or by posttranscriptional modifications which change the rate of mRNA degradation, and finally eNOS protein levels may be controlled by changes in protein stability. Previous studies in our laboratory have demonstrated that cyclic strain alters the second messenger metabolic pathways which may potentially play a role in the regulation of eNOS. For example, cyclic strain leads to activation of protein kinase A/ adenylate cyclase (36) , thereby increasing intracellular cAMP which is also accompanied by an increased binding of the nuclear factor, cAMP responsive element (CRE) binding protein.
Other investigators have shown that increased intracellular cAMP levels may play a role in the regulation of NO production (37) . Interestingly, the promoter region of the human eNOS gene has a CRE binding site (10, 38) and while there is no direct evidence to implicate CRE in the regulation of eNOS in bovine EC, we can postulate that CRE may play a role in the regulation of this gene. Furthermore, we have shown recently that strain activates nuclear factors which bind to AP-1 (39) and the shear stress responsive element (40, 41) . Shear stress responsive element and AP-1 binding sites have also been demonstrated in the human eNOS promoter (10, 38) , therefore, cyclic strain-induced binding of these nuclear factors to the eNOS promoter may mediate amplification of the mRNA in EC exposed to strain.
The importance of strain-induced increases in eNOS is not yet known but we postulate that it may contribute to the effect of sustained dynamic exercise on cardiovascular disease. Recent studies have shown that dynamic exercise reduces the incidence of cardiovascular events (42, 43) and hypertension in patients (44) . In addition, exercise also lowers resting blood pressure in hypertensive (45) and normotensive (46) adults and improves exercise tolerance in patients with ischemic heart disease (47) and peripheral vascular disease (48) . Although exercise is currently prescribed as a therapy in the management and prevention of cardiovascular disease, the mechanisms underlying the benefits of exercise are not known. Several in vivo studies have shown that increases in hemodynamic forces can alter endothelium blood vessel tone and reactivity. Creation of arteriovenous anastomosis, which results in an increase in regional blood flow, enhances endothelium-dependent relaxations (13) and exercise training has been shown to increase endothelial-dependent vasodilator response in rat aorta (49) . Furthermore, exercise produces an NO-dependent attenuation of the response of rats to phenylephrine (50), suggesting that exercise may buffer the hypertensive response to adrenergic stimulation through NO production. More recently, we have demonstrated that chronic exercise in dogs increases the release of nitrogen oxides from large coronary arteries and microvessels and specifically increases eNOS expression in aortic EC extracts (14) . Human studies also show that sustained exercise leads to increased urinary nitrate excretion which indicates an increased NO production (51 ) . While these in vivo studies demonstrate the effect of hemodynamics on production of NO, it is difficult to analyze the contribution of the different hemodynamic forces. The present study suggests that the rhythmic distention of the arterial wall which is a component of pulsatile flow may play an important role in the regulation of eNOS in vivo.
In summary, cyclic strain increases eNOS gene expression, protein, and activity (35) in cultured bovine aortic EC. The mechanisms responsible for these effects are presently not known. However, these results indicate the importance of hemodynamic forces in the regulation of eNOS in vivo.
